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Abstract
Scintillating bolometers are very suitable detectors for dark matter searches. They offer a wide absorber choice allowing to tune up different
masses and couplings of WIMPs, background rejection capability and high efficiency in the conversion into heat of nuclear recoil energy releases.
In a previous work we have shown that undoped sapphire can be an excellent dark matter detector since, due to its high light yield at very low
temperature, very low particle discrimination energy thresholds are achievable. In this Letter, we report the results of an experiment devoted to
the estimate of its thermal relative efficiency factor (REF) for nuclear recoil versus gamma events which is a relevant parameter in WIMP search
experiments. Taking advantage of the discrimination capability of scintillating bolometers, we have registered the energy spectrum of 206Pb
recoiling nuclei from a 210Po alpha-source. Ensuing from the analysis we obtain an REF = 1.044 ± 0.008stat+0.056−0.008syst close to but slightly greater
than unity.
© 2007 Elsevier B.V.
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The nature of the dark matter which is required to under-
stand observational data in the cosmological Standard Model is
still unknown, and is one of the most important challenges for
the new century cosmology, astroparticle and particle physics.
In the direct search for dark matter the objective of most ex-
periments is to measure the energy transferred by a galactic
halo WIMP (Weakly Interacting Massive Particle) to a target
nucleus in an elastic scattering process. Usually, detectors are
calibrated with low energy x-rays or gamma sources, whose
emissions interact basically with the electrons of the mater-
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events), being energy resolution, energy threshold and count-
ing rates evaluated on the basis of such an energy calibration.
To correctly compare the experimental differential rates with an
expected WIMP produced recoil signal, it is necessary to know
the relative efficiency for the conversion of the energy deposited
by nuclear recoils into a measurable signal. The Relative Effi-
ciency Factor (REF) is defined as the ratio between the signal
produced by a nuclear recoil and that produced by an electron
depositing the same energy in the target. REF is very depen-
dent on the energy loss mechanism and needs to be measured
for every target nucleus, incident particle type, detection tech-
nique and energy range.
Bolometric particle detectors [1] use a crystal as energy ab-
sorber and a temperature sensor thermally coupled to the crystal
to measure the small temperature rise produced by a particle
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low wide absorber choice and, in the case of scintillation and
ionization bolometers, offer background discrimination capa-
bility provided by the simultaneous measurement of another
magnitude (light and charge, respectively). Moreover, thermal
detectors are very sensitive to nuclear recoils since, eventu-
ally, almost every energy conversion mechanism would pro-
duce heat. Consequently, their REF is expected to be close to
unity albeit it can be both greater and less than one (depend-
ing, for instance, on the different partition of energy between
nuclear and electronic processes and the fraction of released
energy stored in traps). In a previous work [2] we have mea-
sured the light yield of undoped sapphire scintillating bolome-
ters at low temperature under particle excitation, showing its
excellent particle discrimination capability and its suitability
for WIMP search experiments. We have also observed that
light yield and timing behaviour seem to depend on the crys-
tal origin and growth method [3]. In this Letter, we will re-
port on an experiment dedicated to the measurement of the
REF at around 100 keV for an undoped sapphire scintillating
bolometer (grown by the Kyropoulos GOI method). A value
of REF = 1.044 ± 0.008stat+0.056−0.008syst has been derived for the
REF of 206Pb recoiling nuclei from a 210Po alpha-source. Sys-
tematic errors due to uncertainties in the recoil energy, in the
energy straggling in the source, in possible surface effects on
the crystal, in the low-energy tailing peak shape function and in
the calibration procedure are discussed and estimated.
2. REF measurement techniques
Since neutrons induce nuclear recoils in the target by elas-
tic scattering processes, they are commonly used to investigate
the nuclear recoil response. In general, monoenergetic neutrons
from a pulsed neutron source are beamed onto the target and
recoils are selected by the delayed (by the time-of-flight) co-
incidence between the scintillation/ionization signal from the
corresponding nuclear recoil in the target and the energy of
the scattered neutron under a given angle in a convenient neu-
tron detector. Energy depositions are kinematically derived and
compared to the signal amplitude measured in the material un-
der study which can be converted into electron equivalent en-
ergy with a gamma calibration, in order to estimate the REF.
This technique is best suited for REF estimates since recoils
occur rather uniformly throughout the whole detector volume,
just as those recoils WIMPs would induce. It has been used for
the REF estimates in bolometric devices in [4], where, although
recoils were observed in Si and LiF bolometers, it was not pos-
sible to obtain the corresponding thermal REF, and in [5] where
the thermal REF of Ge bolometers of the EDELWEISS Col-
laboration was measured in the SICANE facility but this direct
measurement was not very precise. Presently, another facility
has been prepared at Meier–Leibnitz-Laboratory, in Garching
(Germany), allowing flexible set-ups for a variety of detector
types and recoil energies, in particular cryogenic detectors will
be studied in the next future in order to determine thermal REF
for different targets and nuclei [6,7].Table 1
Thermal REF estimate for different materials at energies around 100 keV
Material Recoiling nuclei Thermal REF
Diamond Pb 0.98 ± 0.03 [13]
TeO2 Pb 0.97 ± 0.10 [11]
TeO2 Pb 0.93 ± 0.03 [14]
TeO2 Ra 1.025 ± 0.01stat ± 0.02syst [15]
Ge Ge 0.87 ± 0.10stat ± 0.11syst [5]
Ge Ge 0.91 ± 0.03 ± 0.04syst [16]
Sapphire Pb REF = 1.044 ± 0.008stat+0.056−0.008syst (this work)
Very recently a new technique has been applied to the mea-
surement of REFs for different recoiling nuclei in scintilla-
tors [8]. It consists in sending accelerated ions against the ma-
terial and to look for the scintillation signal in coincidence with
the beam. A clear dependence on the scintillation REF with
nucleon number, A, has been observed with a CaWO4 scintillat-
ing crystal at room temperature by bombarding it with different
ions at 18 keV. It is a superficial response measurement and ho-
mogeneity has to be assumed. It is difficult to implement this
technique to the direct measurement of thermal REF with bolo-
metric devices.
With regard to thermal REF measurements different tech-
niques have been used. Alpha emitting isotopes were implanted
or present as contaminant in the absorber surface obtaining
satellite peaks on the high energy side from alpha lines. Full
thermalization efficiency for nuclear recoils was reported in the
5 MeV range within the resolution limits of the measurement
[9–12]. In these measurements, the recoiling nuclei were those
from U/Th radioactive chains. Best thermal REF estimates at
energies around 100 keV can be derived using alpha radioac-
tive sources. The recoiling nuclei, emitted simultaneously with
the alpha particles in the decay, can escape from the source and,
in high vacuum conditions, arrive to the absorber with slight
energy degradation. In the above-mentioned measurements [9–
12] no pure recoil spectra could be obtained because of the very
high gamma background at energies around 100 keV. The first
bolometric observation of a pure recoil spectra was achieved in
[13] with a 210Po source and after in [14] profiting a 210Po sur-
face contamination and in [15] with a 228Ra source. Recently,
the EDELWEISS Collaboration has performed a measurement
of the thermal REF for Ge recoils in Ge in the range from 20
to 100 keV [16]. They have combined the measurement of the
ratio of the ionization and thermal REFs from their heat-and-
ionization detectors with the available direct measurements of
the Ge ionization REF. Table 1 summarizes the results of mea-
surements of thermal REF at energies around 100 keV.
3. Experimental set-up
This work is part of ROSEBUD (Rare Objects SEarch
with Bolometers UndergrounD), which is a collaborative ef-
fort between the Institute d’Astrophysique Spatiale (IAS, Or-
say, France) and the University of Zaragoza (Zaragoza, Spain).
It started in 1999 and is presently focused on the development
of scintillating bolometers for application in nuclear and parti-
cle physics. Measurements have been performed at IAS using
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long, with Joule–Thomson stage instead of 1 K pot) at a work-
ing temperature of about 20 mK. To lessen microphonics we
pumped on the nitrogen and helium baths. Also the 3He–4He
high pressure side of the dilution was maintained below 1 bar.
The dilution refrigerator was installed inside a Faraday cage
within an acoustic-isolated cabin, supported by an antivibra-
tion platform. Pumps had vibration-decoupled connections. To
avoid electrical disturbances power supply inside the cabin was
provided by batteries and data transmission from the cabin was
carried out through optical fibres and suited filters.
The detector (see Fig. 1) is a 50 g scintillating undoped sap-
phire double bolometer which measures simultaneously light
and heat produced when a particle interacts in the scintillating
crystal. It consists of a sapphire crystal (as thermal absorber)
and a small Ge disk of 25 mm diameter and 50 µm thick-
ness, looking at the scintillating crystal (as light detector). Both
bolometers were enclosed in a housing OFHC (Oxygen Free
High Conductivity) copper coupled to the mixing chamber of
the dilution refrigerator and with an inner Ag-coating as reflec-
tor. Each bolometer had its own suspension (Dacron wires for
the sapphire and superconducting thin wires for the Ge) inside
the copper frame. The heat produced in the sapphire crystal is
directly seen as a temperature increase and a fraction of the
emitted light escaping from it is absorbed in the Ge crystal
where it is converted into heat. Both heat signals are finally
measured by Neutron Transmutation Doped (NTD) Ge thermis-
tors glued to each crystal with this purpose. The signals from
the NTD thermistors are digitized (trigger provided through an
OR-logic gate) with sampling rates of 100 kHz and analyzed
off-line.
Light pulses (λ = 820 nm) were periodically sent through
plastic optical fibres to the bolometers allowing to monitor the
bolometers’ stability and to correct, when necessary, for gain
drifts. A very thin 210Po source directly looking at the sapphire
crystal was screwed to the copper frame. In this way, either the
alpha-particles (5304.38 ± 0.07 keV of kinetic energy [17]), or
the 206Pb recoiling nuclei (103.08 ± 0.10 keV of kinetic en-
ergy [17]) can arrive and be absorbed in the sapphire. Another
internal source of 109Cd, whose more intense emissions are in-
ternal conversion electrons at 62.5 keV (41.2%) and 84.2 keV
Fig. 1. Scheme of the double Ge/Al2O3 bolometer for simultaneous measure-
ment of heat and light. The sources of 210Po and 109Cd were screwed to the
copper frame looking at the outer cylinder side of the sapphire crystal.(45.3%) and x-rays at 22.1 keV (85.2%), was also present for
energy calibration purposes (see Fig. 1).
4. REF estimate
Fig. 2 displays the two-dimensional plot of the pulse am-
plitude measured in the Ge bolometer (light) in coincidence
with the one measured in the sapphire bolometer (heat) in a
run performed in the presence of the internal sources of 109Cd
and 210Po. It shows two well-separated slopes due to the strong
dependence of the scintillation yield on the interacting parti-
cle. The upper one (higher light output) corresponds to elec-
tron/gamma events whereas the lower one are nuclear recoil
events. Discrimination among nuclear recoils from the 210Po
source and electron/gamma events is excellent in the energy
range of interest for this experiment, namely, around 100 keV.
The inset of Fig. 2 shows the discriminated recoil spec-
trum of heat pulse amplitudes which is a direct measure of
the energy released by 206Pb recoiling nuclei in the sapphire
and converted into heat. Its observation confirms the excel-
lent quality of the source for alpha spectroscopy purposes (note
that, for instance, range of 206Pb recoiling nuclei in sapphire
is around 200–300 Å whereas that of alpha particles is around
15–25 µm [18]). Its asymmetry (it is a low-energy tailing peak
superimposed on a continuum background) is due to energy
loss of some nuclei before exiting the source, corresponding
the high energy side of the peak to a full energy absorption in
the crystal. To estimate the position of this full energy absorp-
tion peak, we have performed a nonlinear least squares (LS)
fit to an adequate function. A variety of analytical functions
have been proposed (see for instance [19,20] and references
therein) to represent low-energy tailing peaks. We have chosen
an addition of four analytical functions (from f1 to f4) with
a total of nine parameters (from p1 to p9): a Gaussian peak
f1 = p1 exp(−y2/2)/p3 (which describes the full energy ab-
Fig. 2. Scatter plot of the light and heat pulse amplitude of events registered in a
run performed with the presence of the sources of 109Cd and 210Po. The upper
band (higher light output) corresponds to electron/gamma events and the lower
one are nuclear recoil events. The inset shows the energy spectrum of 206Pb
recoiling nuclei from the 210Po alpha-source registered by the heat channel.
116 N. Coron et al. / Physics Letters B 659 (2008) 113–118sorption), a lower exponential function f2 = p4 exp(p5y)/[1 +
exp(y)]4 (which describes the low-energy tailing), and a step
function f3 = p6/[1 + exp(y)]2 plus a second order polyno-
mial f4 = p7 + p8V + p9V 2 (which describe the continuum
background), where y stands for (V − p2)/p3 and V for the
pulse amplitude. Pulses with amplitudes V ranging from 900
to 1350 mV have been binned in intervals of 2 mV without
significant loss of information. Fig. 3 shows the LS fit result
(showing also separately each of the four analytical functions
used). It reproduces well the experimental data: we obtain chi-
square = 200.7 with 225−9 = 216 degrees of freedom, and the
Gaussian that describes the high energy side of the peak has a
resolution of Γ = 3.0 ± 0.3 keV (see below for energy calibra-
tion details) which is consistent with the values obtained for the
calibration peaks (Γ = 1.8 keV at 22.1 keV and Γ = 3.7 keV
at 122.1 keV). The estimate of the centroid of the Gaussian
that describes the high energy side of the peak gives a value
p2 = 1240.9 ± 1.6stat mV. We have considered and analyzed
possible sources of systematic error: the choice of particular
analytical function to fit the peak, and the selection of the width
of the bins used to create the differential spectrum. We have fit-
ted the data using other analytical functions and other widths
for the bins and estimated the systematic error from the disper-
sion of the so derived values of p2. We quote the systematic
error as half the difference between the highest and the lowest
values obtaining a value of 0.7 mV.
To estimate the response of the bolometer to an electron
with the same kinetic energy than the 206Pb nuclei (103.08 ±
0.10 keV) we have performed a specific gamma energy cali-
bration with radioactive sources emitting monoenergetic par-
ticles in the region of interest. To be precise, we have used
a 57Co source that emits photons at 122.1 keV (85.6%) and
136.5 keV (10.7%) and the previously mentioned 109Cd one.
Fig. 3. Histogram of the recoil spectrum of heat pulse amplitudes binned in in-
tervals of 2 mV. Also shown is the result of the LS fit (thick solid line), which
gives chi-square = 200.7 with 216 degrees of freedom. The thin solid line repre-
sents the Gaussian that describes the high energy side of the peak and the dotted
lines represent the lower exponential function (which describes the low-energy
tailing), and a step function plus a second order polynomial (which describe the
background).The three gamma lines at 22.1, 122.1 and 136.5 keV, appear
at pulse amplitudes of 263.6 ± 3.0 mV, 1401.4 ± 2.0 mV and
1577.8 ± 3.4 mV, respectively. A linear fit of the data predicts
that for an electron deposition of 103.08 ± 0.10 keV, the re-
sponse of the heat channel would be a pulse with an amplitude
of 1188.7 ± 8.8stat ± 8.7syst mV. Several contributions to sys-
tematic errors (see Fig. 4) have been analyzed. The first one
(1.2 mV) comes from the uncertainty in the nominal value of the
206Pb kinetic energy. The second and more relevant (8.6 mV) is
that due to the choice of the calibration function and accounts
for a possible nonlinearity in the heat response of the bolometer.
It has been evaluated from the dispersion of the values derived
with other calibration functions: using only the two more in-
tense lines (that of 22.1 and 122.1 keV), fitting the three points
to a second degree polynomial, including the zero-point in the
calibration and performing a fit of the four points both to a first
and to a second degree polynomial. We have estimated this sys-
tematic error as half the difference between the highest and the
lowest values. The possible presence of a very thin coating (of
grease, of an oxide, . . . ) of a few atomic layers would imply that
the high energy side of the peak would correspond to slightly
lower energies that expected. Using SRIM [18] we have simu-
lated the passage of 206Pb nuclei through very thin layers and
we have derived a relationship between the width of the high en-
ergy side of the peak of transmitted nuclei and the energy lost
by them in the layer. From this we estimate an upper limit of
3.7 keV for the energy loss in the source coating. Since, accord-
ing to our gamma energy calibration, the response of the heat
channel to an electron deposition of 99.4 keV is 1146.3 mV, this
effect can be incorporated as an additional asymmetric system-
atic error of −42.4 mV.
Fig. 4. A linear fit (solid line) with the gamma lines of 22.1, 122.1 and
136.5 keV was performed for energy calibration. To estimate systematic errors
we have done other energy calibrations (dotted lines, from top to bottom): in-
cluding the zero energy in the calibration and performing a fit of the four points
both to a second and to a first degree polynomial, using only the two more in-
tense lines (that of 22.1 and 122.1 keV), and fitting the three points to a second
degree polynomial. We have estimated this systematic error as half the differ-
ence between the highest and the lowest values. The inset shows a detail of the
103.08 keV region, vertical lines indicating uncertainty about the nominal value
of the 206Pb kinetic energy (103.08 ± 0.10 keV).
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used in the final calibration of the experiment because their
peaks appear systematically at energies lower than the nomi-
nal ones (see Fig. 5). This behaviour is not yet understood but
it could be attributable to superficial effects because conver-
sion electrons from an external source interact in the surface
and not in the bulk of the detector. Since the interaction mecha-
nism for electrons is very different from that of recoiling nuclei
(for electrons the energy is basically released to the electronic
channel whereas for recoiling nuclei an important fraction of
the energy is released to the ions of the lattice) the behaviour,
even in the case of being due to surface effects on the crys-
tal, could be absent in the 206Pb nuclear recoil interactions. If
it was also present in nuclear recoils that would imply an ad-
ditional increment in the response for recoils induced by the
searched WIMPs (that would interact uniformly in the whole
crystal) with respect to that of recoiling nuclei coming from an
alpha source. This implies another asymmetric systematic er-
ror of +49.6 mV, resulting in a Gaussian centroid estimate of
1240.9 ± 1.6stat+50−0.7syst mV.
From these numbers (see Table 2) the REF for nuclear
versus electron recoils can be estimated as the division of
1240.9 ± 1.6stat+50−0.7syst mV and 1188.7 ± 8.8stat+8.7−43syst mV that
gives a value of REF = 1.044±0.008stat+0.056−0.008syst slightly larger
Fig. 5. Spectrum of heat pulse amplitudes obtained with the 109Cd source. The
lines arising from conversion electrons are shifted from the expected energy
(solid vertical lines). According to our gamma calibration (see text for details)
they appear at 59.2 ± 0.9stat ± 0.9syst keV and 81.2 ± 0.8stat ± 0.9syst keV,
respectively. Self-degradation in the source was discarded by specific measure-
ments performed with a Cu bolometer.than unity. This increase in thermal efficiency could be due to
the high light yield of gamma events [2] that take away a no-
ticeable fraction of the released energy through the escaping
scintillating photons. That would mean that values for the REF
greater than one could be obtained using high light yield scin-
tillating bolometers.
In the analysis of the time behaviour of the digitized pulses
of the heat channel we have observed a hardly perceptible dif-
ference between nuclear recoil and electron/gamma events (see
Fig. 6). Nuclear recoil events have slightly shorter, less than
0.6%, rise times (they have a mean value of 1707.79 ± 0.18 µs,
whereas electron/gamma events have 1717.06 ± 0.29 µs) and
longer decay times (they have a mean value of 3798.84 ±
0.78 µs, whereas electron/gamma events have 3810.45 ±
0.40 µs). This feature affects the detector response (for the
same thermal increment in the sapphire, nuclear recoil events
should produce higher pulses) but it cannot explain a differ-
ence of 4.4% in the thermal response. To evaluate the influence
of this small effect in our REF estimate we have selected an-
other parameter as estimator of deposited energy converted into
heat. Instead of the pulse amplitude, we have used the pos-
itive area of the pulse which is defined as the maximum of
the integrated pulse, and repeated all the procedure (including
LS fit, energy calibration and estimate of statistical and sys-
tematic errors) for the estimate of the REF. Note that as the
REF is defined as a ratio of responses to different particles,
Fig. 6. Two-dimensional plot of the amplitude of pulses versus its rise time
in the heat channel. Nuclear recoil events (black points) are slightly faster
(≈ 0.05%) than electron recoil events (grey points). The horizontal line around
1240 mV corresponds to the 206Pb recoiling nuclei peak.Table 2
Thermal Relative Efficiency Factor (REF) of nuclear recoil versus gamma events at 103.08 keV estimated both for amplitude and positive area of pulses. Details of
the LS fit and energy calibration are given in the text
Pulse amplitude Pulse positive area
Nuclear recoil (from LS fit) 1240.9 ± 1.6stat+50−0.7syst mV 5.415 ± 0.016stat
+0.22
−0.013syst mV s
Electron recoil (from calibration) 1188.7 ± 8.8stat+8.7−43syst mV 5.231 ± 0.004stat
+0.014
−0.18syst mV s
REF REF = 1.044 ± 0.008stat+0.056−0.008syst 1.035 ± 0.003stat
+0.055
−0.004syst
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and thus, REF of positive areas (although similar) is not ex-
actly equal to REF of pulse amplitudes. We obtain also a very
good fit (we obtain chi-square = 214.5 with 225 − 9 = 216 de-
grees of freedom) with a reasonable value for the resolution of
the Gaussian that describes the high energy side of the peak
(Γ = 4.2 ± 0.5 keV, whereas it is 3.6 keV at 22.1 keV and
4.5 keV at 122.1 keV). Resolutions are clearly worse than those
of the pulse amplitude spectrum because our electronic chain
was optimized for pulse amplitude response. The estimate of
the centroid of the Gaussian that describes the high energy side
of the peak gives a value 5.415 ± 0.016stat+0.22−0.013syst mV s. From
the gamma linear calibration we derive that for an electron de-
position of 103.08 ± 0.10 keV, the response of the heat channel
would be 5.231 ± 0.004stat+0.014−0.18syst mV s. That gives (see Ta-
ble 2) an REF for positive areas of 1.035 ± 0.003stat+0.055−0.004syst in
good agreement with the previous one.
5. Conclusions
The Relative Efficiency Factor (REF) of nuclear recoil ver-
sus gamma events is a relevant parameter in direct dark mat-
ter search experiments. Using an undoped scintillating sap-
phire bolometer, we have performed a dedicated experiment
that identified events produced by 206Pb recoiling nuclei from a
210Po alpha-source (by the simultaneous measurement of heat
and light) and measured the energy converted into heat. The
thermal REF of undoped sapphire was estimated and found to
be REF = 1.044 ± 0.008stat+0.056−0.008syst slightly larger than unity
probably due to the different light yield of the scintillating
bolometer for electrons and nuclear recoils or to the possible
different fraction of released energy stored in traps for each kind
of recoil.
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